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ABSTRACT

Dihydrofolate reductase (DHFR) is a
ubiquitous enzyme involved in major
biological process, including DNA
synthesis and cancer inhibition, and
its modulation is the object of exten-
sive structural, kinetic, and pharma-
cological studies. In particular, earlier
studies showed that green tea cate-
chins are powerful inhibitors of bo-
vine liver and chicken liver DHFR. In
this article, we report the results of
inhibition kinetics for the enzyme
from another source (DHFR from E.
coli) exerted by (—)-epigallocatechin-
gallate (EGCG). Using different ana-
lytical techniques, we reported that
EGCG acts as a bisubstrate inhibitor
on the bacterial DHFR. Moreover, the
combined approach of biosensor, ki-
netic, and molecular modelling anal-
ysis disclosed the ability of EGCG to
bind to the enzyme both on substrate
(DHF) and cofactor (NADPH) site.
Collectively, our data have confirmed
the selectivity of antifolate com-
pounds with respect to the different
source of enzyme (bacterial or mam-
malian DHFR) and the possible role
of tea catechins as chemopreventive
agents.
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INTRODUCTION

Dihydrofolate reductase (DHFR—EC 1.5.1.3) is the object of extensive struc-
tural and kinetic studies,1~4 because of its biological and pharmacological rele-
vance. DHFR is an ubiquitous enzyme that catalyzes the reduction of 7,8-dihy-
drofolate to 5,6,7,8-tetrahydrofolate (THF) using NADPH as cofactor. This
enzyme regulates intracellular pools of THF and its derivatives, which are essen-
tial cofactors for a number of metabolic pathways in the cell involving the
transfer of one-carbon groups. Among such pathways are the biosyntheses of
purines and thymidylates (dTMP).> In this manner, DHFR plays a key role in
DNA replication and cell division, since the enzyme is essential in providing
purines and pyrimidine precursors for the biosynthesis of DNA, RNA, and
amino acids. Consequently, the inhibition of DHFR, resulting in the disruption
of DNA biosynthesis, is the basis of the chemotherapeutic action of a range of
DHEFR inhibitors, generically referred to as antifolate drugs. Therefore, DHFR is
the target enzyme® for antifolate drugs such as the antineoplastic drug metho-
trexate (MTX) and the antibacterial drug trimethoprim (TMP). Because of their
structural analogies to MTX, a number of recent studies reported the effects
exerted on DHFR by catechins.”>8

Catechins belong to a wide family of chemically related polyphenolic com-
pounds, flavonoids, which can be divided into several classes, that is, anthocya-
nins, flavones, flavonols, flavanones, and so forth. Flavonoid is the general name
of compounds based on a 15-carbon skeleton, important secondary metabolites
that can be found in plants.? In plants, flavonoids can be found in several com-
ponents, like leaves,10 sveeds,11 stems, and roots.12 The main activity of flavo-
noids is as antioxidants, but they are also involved in physiological regulatory
mechanism.12 Recently, scientific interest has focused on the ways this class of
polyphenols act as specific ligands/effectors toward several important macromo-
lecules.”>13-17 Catechins are a group of polyphenols compounds found in
leaves of the green tea Camelia sinensis. These compounds represent about 30%
of the leaf dry weight. In particular, green tea catechins (GTCs) exhibit marked
biological activities!® and recent studies reported experimental evidences prov-
ing that GTCs have potent in vivo chemopreventive activity for cancer growth
in several experimental models.!9 Recently, a case-control study conducted in
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China showed that green tea consumption is etiologically
associated with the incidence of prostate cancer, suggest-
ing the protective effect of green tea against this dis-
ease.20 (—)-epigallocatechin-3-gallate (EGCG) has been
the most extensively studied catechin because of its rela-
tively high abundance and strong epidemiologic evidence
for in vitro and in vivo antiproliferative and anticarcino-
genic properties.21>22 Some authors have demonstrated
that oral administration of EGCG inhibits carcinogen-
induced tumors in various animal.23

In a work by Navarro-Peran et al.,8 the author
described how (—)-epigallocatechin-3-gallate inhibits the
key folate enzyme dihydrofolate reductase (DHFR), and
reported the kinetic characteristics of a slow-binding in-
hibitor exhibited by EGCG against DHFR from bovine
liver, and the reversible competitive inhibition against
DHER from chicken liver.

To further understand the nature and the mechanism
of this interaction, our work reports a detailed kinetic
and equilibrium study on the inhibition of DHFR from
E. coli by green tea EGCG, taking into account possible
disturbing effects, such as the inhibitory effect exerted by
folate. Our results suggest that EGCG acts as a bisub-
strate inhibitor toward DHFR from E. coli. Moreover, the
feasible geometry of EGCG-DHFR complexes has been
also evaluated using molecular modeling analysis.

MATERIALS AND VIETHODS
Materials

KH,PO,, NaH,PO,, KOH, EDTA, NaCl, KCl obtained
from J.T. Baker (Netherlands) were of analytical grade.
NADPH, ascorbic acid, dihydrofolic acid (DHF), and
(—)-epigallocatechin-3-gallate, Tween-20 were obtained
from Sigma Aldrich (Milan, Italy). Cellulose acetate fil-
ters (0.2 um) were obtained from Schleicher & Schuell
(Dassel, Germany). The carboxylate cuvette and the
immobilization kit (NHS, N-hydroxysuccinimide; EDC,
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide;  etha-
nolamine) were obtained from Neosensors Limited
(Crewe, UK). Cary-10 UV-vis spectrophotometer was
obtained from Varian (Palo Alto, California). Kinetic and
thermodynamic studies were performed on an IAsys plus
device, Affinity Sensors (Cambridge, UK), obtained from
ThermoFinnigan, Italy.

Purification of wt-DHFR

Wild-type DHFR was purified from AG-1 strain of E.
coli containing pWT1-3, kindly supplied by Dr. C.R. Mat-
thews (The Pennsylvania State University, Pennsylvania,
USA), according to a previously reported procedure.24
The specific activity of wt-DHFR was 5.5 U mg~ ' at 20°C
and pH 7.0. DHFR samples were stored at 4°C in ammo-
nium sulfate solution. Before each experiment, DHFR was

dialyzed overnight against phosphate buffer 50 mM,
EDTA 0.2 mM, pH 7.0. The concentration of DHFR was
determined spectrophotometrically at 280 nm using a

molar extinction coefficient of 31,100 M~ ' ¢cm ™ .25

DHFR assays and kinetic data analysis

The activity of DHFR from E. coli was determined at
25°C by following the decrease in the absorbance of
NADPH and DHF at 340 nm in a Cary-10 spectropho-
tometer equipped with 1.0 cm light path cuvettes, thermo-
statically controlled at 25°C =+ 0.5°C.7>20 Experiments
were performed in a buffer containing K,(HPO,) 50 mM,
EDTA 0.02 mM, pH 7. To avoid the oxidation of tea cate-
chin, 1 mM ascorbic acid was added to the reaction mix-
ture as previously reported.” Assays were started by the
addition of enzyme. In the absence of the enzyme, the rate
of absorbance change was irrelevant. The experimental
error associated to the enzymatic activity was determined
by calculating the mean value and the standard deviation
of replicated assays. To evaluate the possible effects of
ascorbic acid on the enzymatic activity, a control activity
assay has been performed after addition of wt-DHFR to
the buffer solution added with 0.1 mM vitamin C. Under
these conditions, the reaction initial rate resulted within
the calculated experimental error (4.6%). For maximum
steady-state rate (Vyaxapp) and the Michaelis constant
for DHF (K[E,I;I}fp) determinations NADPH concentration
was kept constant at 100 pM and DHF concentration was
varied between 5 and 80 pM. Raw data were fitted by non-
linear regression to the integrated form of Michaelis equa-
tion for substrate inhibition2” [Eq. (1)].

VMAX,app
V=T RE (S o
T Tk

Inhibition of dihydrofolate reductase by
tea catechin

DHEFR (40 nM) was incubated at 25°C with increasing
concentrations of EGCG in a 50 mM phosphate buffer,
containing 0.02 mM EDTA, 1 mM ascorbic acid, pH 7.
After 15 min of pre-incubation (longer preincubation
times did not yield better inhibition), residual activity
were measured at 340 nm by continuously monitoring
the disappearance of NADPH and DHF after initiation of
the reaction. The residual activity 4; was obtained mea-
suring the initial velocity of the product formation in the
absence (V) and presence (Vy;) of a given flavonoid
concentration [I];:

_ Voi
Vo

(2)

a;

The experimental dataset was constituted by a set of
residual activity a; measured at increasing EGCG concen-

tration [I];. Kr?lslfp and Vyax,app Were calculated for each
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inhibitor concentration using the Eq. (1). These experi-
ments were repeated at five increasing DHF concentra-
tions (5-80 pM). Each enzymatic activity was repeated in
quintuplicate.

Biosensor studies

A carboxylate cuvette was docked into the IAsys Bio-
sensor chamber, washed with PBS-T (NaH,PO, 10 mM,
KCI 2.7 mM, NaCl 138 mM, Tween-20 0.05%(v/v), pH
7.4), and equilibrated with Tween-free PBS buffer for
about 10 min to ensure the establishment of a base line
for the sensor trace at the set temperature (30°C). The
reaction cell was continuously vibrostirred by a micro-
stirrer installed into the sensing chamber. DHFR was
covalently blocked onto the carboxylate matrix of an
[Asys biosensor cuvette by a standard EDC/NHS coupling
procedure.28 The non-coupled ligand was removed by
washing with PBS buffer for 2 min. Uncoupled carboxy-
groups were deactivated by a treatment with ethanola-
mine 1M, which also assured the removal of any electro-
statically bound material. Finally, the surface was washed
and equilibrated with PBS (see Fig. 1). The level of
immobilized DHFR was calculated. Readout of about 800
arcsec was obtained. These conditions resulted in the
coupling of a ‘Langmuir’ partial monolayer of about 20
kDa protein (~1.4 ng/mm?®). A normally distributed
population of the immobilized protein in the monolayer
was obtained as showed by repeating spot-sampling at
different sites (n = 10) on the biosensor surface (data
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Figure 1

Immobilization of DHFR to the carboxylate surface. PBS wash and baseline (a);
surface activation with EDC/NHS (b); change to 10 mM acetate buffer pH =
5.2 (c); addition of DHFR (d); blocking with ethanolamine IM pH = 8.5 (e);
wash with 10 mM HCI and PBS (f).
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not shown). The cell was equilibrated with 10 mM phos-
phate buffer pH 7 and then the interaction between
blocked DHFR and soluble EGCG was investigated by
adding increasing concentrations of EGCG (ranging from
sub-uM to nM) in presence and in absence of saturating
DHF or NADPH. Prior to any further addition of
EGCG, dissociation steps were performed by phosphate
buffer pH 7 wash, whilst DHFR surface regeneration rate
was increased by addition of 10 mM CH3;COONa buffer,
pH 5.2, being the EGCG-DHFR complex stability
reduced in low pH buffers. All association kinetics were
followed-up to equilibrium. Binding data were analyzed
using the “Fast Fit” software (Fison Applied Sensor Tech-
nology), supplied with the instrument; this program uses
an iterative curve-fitting to derive the observed rate con-
stant and the maximum response at equilibrium due to
ligand binding at a certain ligand concentration [L]. The
software allows both monoexponential and biexponential
models2930 to be used to fit experimental data.

Molecular modeling of the
DHFR/EGCG complex

Human DHFR and E. Coli DHFR X-ray crystal struc-
tures (15331 and 1RG7! pdb entries, respectively) were
retrieved from the protein data bank,32 and hydrogen
atoms were added to the DHFR molecules prior to dock-
ing procedures. Molecular docking studies were per-
formed on a Pentium 4 Linux Red Hat platform using the
Docking and the Discover modules of InsightII software
(release 2005, Accelrys, Cambridge, UK). The docking was
performed by analogy with crystallographic structures. In
particular, 30 rotamers of EGCG molecule were generated
and minimized by Discover module using InsightIl, and
each were positioned in proximity of the binding sites.
The starting position at a distance of 10 A from the bind-
ing site was randomly (Box-Muller) chosen each time.
The docking procedure was carried out constraining both
partners to be rigid, and the enzyme being blocked. The
composite DHFR/EGCG models (for EGCG binding to
both folate and NADPH sites) were geometry optimized
by the mean of Discover module using the consistent va-
lence force field and conjugate gradients algorithm to a
root mean square derivative of 0.001 kcal/mol. The inter-
molecular energy (Eroat = Epleer T Evaw) was found
within Evaluate section of the Docking module.

Rationale

Enzyme kinetic data can be analyzed using an exten-
sion of the equilibrium theory of ligand binding link-
age3'3 to macromolecular systems working at steady state,
assuming the reaction involving small ligands dissocia-
tion-association very fast compared to the catalytic
events,34-36
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Possible mechanism for the bisubstrate inhibition of DHFR from E. coli by
EGCG (I). We assume the formation of EGCG-DHFR complex both on DHF
(E-Ig) and NADPH-site (E-1,). The main enzymatic pathway assumes the
binding of NADPH (A) to free enzyme, followed by the addition of DHF (B).
The equilibrium are described by the respective dissociation constants.

We consider a macromolecule E (namely DHFR) having
two heterotropically associated binding sites, one for the
substrate A (DHF), and one for the substrate B
(NADPH).37 Both sites can each also accommodate a third
ligand, the inhibitor I (EGCG), competitively with both sub-
strates. We schematically term the two binding sites (present
in the macromolecule E) as site A and site B: the first offer-
ing the binding site for NADPH or EGCG, the latter to DHF
or EGCG. The macromolecule E exists in nine (differently
populated) states. Our model supposes EAB as the only pro-
ductive complex, as previously reported for DHFR.38

The kinetic equation for inhibition of DHFR from E.
Coli by EGCG, derived from Figure 2, is shown below.
This fitting equation was expressed as a function of over-
all equilibrium dissociation constants, preferred to step-
wise reaction parameters, in order to limit the errors
associated to cross-correlation between these latter.39—41

VvV =
WM%M

(3)

Equation 3 can be rearranged in the following Michae-
lis-like form:

VMAX,app
V=mm (s M)
L+ %)
with
u
VMAX, app = W (4)
T TR
and

L+ KA+ B4 (L4 )+
K+ 1+ 15

DHF _
m,app "~

The relation between the overall equilibrium dissocia-
tion constants and stepwise constants is given by:

B, = K7Ks = K48K7

B; = KiKy = Keoky

B, = KoKy1 = Kg¥Ko
Bs = KoK,

Bi = KiKy

a, 9, vy are nondimensional factors by which ligand
equilibrium dissociation constants of the vacant site are
shifted upon the binding of another ligand: in fact, on
the binding of a ligand (either substrate or inhibitor) to
one site, the other site could see its equilibrium constant
being shifted (for example, on the binding of I to site A,
the site B could see its equilibrium constant being shifted
from Kg to aKg). Consequently, «, 8, and <y can be con-
sidered as a measure of the established conformational
coupling upon ligand binding, which is peculiar of
DHEFR as shown by other authors.37

RESULTS
DHFR inhibition by tea EGCG

EGCG strongly inhibited the activity of wt-DHFR
from E. coli. DHFR activity was continuously assayed af-
ter addition of both free and EGCG-preincubated
enzyme to assay mixtures containing the two substrates
(NADPH and DHF). As previously reported for the inhi-
bition of DHFR from different biological sources by
structural folate analogues such as MTX and deazafo-
lates, 4243 the necessity of preincubation periods sug-
gested a slow establishment of an equilibrium between
the enzyme, the inhibitor, and enzyme-inhibitor com-
plex.42 The hyperbolic dependence of residual activity
from the EGCG concentration (see Fig. 3) followed a
typical inhibition isotherm. Results reported in Figure 3
showed a slow-binding** trend and an incubation-de-
pendent inhibition for EGCG. Since preincubation peri-
ods longer than 15 min did not any further affect the
time-dependent decreases in reaction rates, all experi-
ments were performed after 15 min preincubation of the
EGCG with the protein.

Determination of kinetic parameters of
the inhibition

The Michaelis constant (K2HF) for the DHFR was
experimentally determined by plotting the initial rate Vj
against increasing DHF concentration. Figure 4 shows
the Michaelis curves obtained at different EGCG concen-
trations. These curves showed a substrate inhibition, as
early reported,27 thus raw data were fitted with the
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Figure 3

EGCG as “slow-binding inhibitor” of DHFR from E. coli. The normalized
initial velocities (Vy,/Vy) are plotted as a function of the EGCG concentration.
Vy is the initial velocity in absence of inhibitor. @ EGCG was pre-incubated
with DHFR for 15 min. O EGCG was not pre-incubated. [DHFR] = 40 nM;
[DHF] = 30 mM; [NADPH] = 100 mM. The dependence of DHFR inhibition
by 100 uM EGCG upon increasing pre-incubation times is reported in the right
inset.

proper equation (see Materials and Methods). KI?,,I;IIFP,

Vmax,app and the catalytic constant k., for each EGCG
concentration were derived from data analysis (see Fig.
5). EGCG acted as a bisubstrate inhibitor4>: in fact,
according to the mechanism presented in Figure 2, it is
possible for inhibitor (I) to bind to free enzyme, E-DHF
complex (NADPH site) and/or E-NADPH complex
(DHF site). Calculated values of kcat/Kn?fﬁp gave a mea-
sure of the catalytic efficiency of the enzymes: data
showed in Figure 5 reveals how DHEFR has a reduced effi-
ciency at increasing EGCG concentrations.

Biosensor studies—thermodynamics

The binding surface containing immobilized DHFR
was obtained as described in Experimental Procedures.
The procedure was optimized after several experiments
based upon the variation of DHFR concentration and
immobilization pH value. A DHFR concentration value
of 150 pg/mL and a value of 5.2 for the immobilization
pH (chosen on the basis of the DHFR isoelectric point)
were found to best suit a good immobilization of DHFR
without affecting its functional properties. Under these
conditions a final readout of about 800 arcsec, upon
DHFR immobilization, was obtained. These data were
adequate, since immobilization levels should be fairly low
for the particular binding studies analyses, in order to
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minimize steric hindrance or shielding effects which
could affect the analysis. The binding experiment was
carried out at increasing EGCG concentrations, each
repeated in triplicate. At any titration step, baseline
achievement was assessed before adding new EGCG, and
then the regeneration steps were achieved as described in
Experimental Procedures. Each binding reaction was fol-
lowed up to equilibrium. In Figure 6, biphasic associa-
tion and dissociation time-courses of EGCG binding to
immobilized DHFR are reported: this behaviour is
ascribed to the possible ability of EGCG to bind both fo-
late and NADPH sites. Measured thermodynamic equilib-
rium constants obtained for this interaction were K, =
[3.6 £ 0.4] uM and Ks = [17 £ 6] pM, corresponding
to EGCG binding to folate and NADPH sites. As a proof
of our assumption, the binding experiments were repeated
after saturating DHFR monolayer by addition of NADPH
or DHE. In both cases, monophasic time courses were
reported, and the equilibrium constant were K5 = [3.2 £+
0.4] M and Kj; = [3.74 £ 0.05] pM, corresponding to
EGCG binding to DHF and NADPH site respectively.
These results also suggested that EGCG affinity to
NADPH site is mildly increased upon DHF binding to
DHEFR (Kg > Kji), being instead EGCG affinity to folate
site almost unaffected by NADPH (K, =~ Ks).

012

V, (dA/dt)

o 1 2 3 4 5 ) 7 8 ]
[DHF] uM
Figure 4

Progress curves for the bisubstrate inhibition of DHFR from E. coli by EGCG.
Tea catechin concentration were: (@) 0, (VW) 5, (O) 12.5, (&) 20 and

(A) 28.5 uM. The curves and relative standard deviations are global fits of the
data to Eq. (1). K,ﬁ',f}fp and Vax, for DHFR were obtained by using MatLab
7.3 software. Enzymatic activities were carried out at pH 7.0 and 25.0°C using
an enzyme concentration of 40 nM and NADPH concentration of 100 uM.
Constant amounts of enzyme were incubated for 15 min with increasing
concentrations of EGCG.
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Enzyme kinetic constants for the inhibition of DHFR from E. coli by EGCG. Viax,app K,ﬁfpl;, ear (kcar = Vaaax,app/[DHFR]1o,) and key, K,ﬁlgp dependence versus tea
catechin concentrations were fitted with the proper equations (see Rationale section). The standard deviations to fits are reported.

Biosensor studies—kinetics

The determination of association (k) and dissocia-
tion (kgss) rate constants for EGCG binding to DHFR
unveiled new hidden features of mechanistic properties
of their macromolecular recognition process.

With reference to the interaction between the catechin
and the free enzyme, preferential EGCG association
kinetics to folate site was reported: in fact, EGCG associa-
tion rate to DHFR at DHF site was about 30 folds higher in
comparison with the association at NADPH site. A compa-
rable behavior was reported for dissociation kinetics, being
the EGCG dissociation rate from the NADPH site about 6
folds lower. Consequently, the difference in terms of Kp
was mainly attributable to association phase.

Moreover, kinetic analysis of EGCG binding to
NADPH- or DHF-saturated and free DHFR opened
new insights (see Table I) with respect to equilibrium

data: in particular, the addition of EGCG to NADPH-
and DHF- saturated DHFR results in relevant shift of
association rate constants, from 22.50 to 3.4 mM ' s !
for DHF site, and from 0.84 to 2.94 mM ' s ! for
NADPH site.

Simultaneously, NADPH saturation induced a shift in
kyies value from DHEF site from 0.082 to 0.012 s . Only
minor shift was reported for dissociation rate from
NADPH site. Therefore, the kinetic analysis revealed the
effect of the saturation with NADPH on the binding of
EGCG to DHFR (DHEF site), otherwise “thermodynami-
cally-hidden” (K =~ Ks).

Molecular modeling of the DHFR/EGCG
complex

The docking analysis provided a measure of total inter-
molecular energy values of the human DHFR/EGCG
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Figure 6

Binding of EGCG to DHFR (A), NADPH-saturated DHFR (B) and DHF-saturated DHFR (C): overlay of association and dissociation phases measured at increasing

concentrations of tea catechin.

(Erothumanpur = —82.14 kcal/mol for the complex at the
folate site and Erpyipumannappa = —69.65 kcal/mol for
the complex at the NADPH site) and E. coli DHFR/
EGCG complexes (Eropeolipur = —70.67 kcal/mol and

ErotEcolinappn = —86.02 kcal/mol). This approach also
revealed a mainly electrostatic difference between the E.
Coli DHFR/EGCG complexes (Egictgcolipnr = —16.91

kcal/mol, ~24% of total energy, and Egjec gcolinaADPH —
—40.26 kcal/mol, ~47% of total energy) and a significa-
tive difference in term of Van der Waals energy between
the Human DHFR/EGCG complexes (EyqwhumanDHF —
—60.13 kcal/mol and Eyqwhumannappa = —44.36 kcal/
mol). In particular, electrostatic energy differences are
strongly dependent upon the formation of 7 weak elec-

Table |

trostatic H-bonds (mean length = 3.13 A) in E. coli
DHFR/EGCG complex at the folate site compared to
eight moderate electrostatic H-bonds (mean length =
2.92 A) in E. coli DHFR/EGCG complex at the NADPH
site (see Fig. 7). H-bonds of the complex at folate site
and at NADPH site are shown in Table II.

DISCUSSION

Recent studies® proposing a complete kinetic scheme
to explain the slow-binding inhibition of bovine liver
DHEFR by EGCG show that tea catechins are competitive
inhibitors with respect to DHEF, preferentially binding to

Kinetic and equilibrium dissociation constants for the inhibition of DHFR from E. coli by EGCG at 25°C and pH 7.0

Kinetic constants

Equilibrium constants

K(HM) Kass (UM71 Kaiss (371)
Binding of EGCG to E-lIg complex® Ky = aK6 = 0.024 + 0.004
Binding of NADPH to E-lg complex? K, = 8K; = 0.17 £ 0.03
Binding of EGCG to E-I5 complex® K3 = oK, = 0.006 + 0.002
Binding of EGCG to DHF-site® Ky =36 +04 ass4 = (22,50 + 0.07)*10 3 kgissa = 0.082 + 0.009
Binding of EGCG to DHF-site upon NADPH saturation® Ks =32+04 ass5 = (34 + 0.2)*10° kgisss = 0.012 + 0.001
Binding of EGCG to NADPH-site” Ks=17+6 Kosss = (0.84 = 0.04)¥102 Kisss = 0.014 £ 0.005
Binding of NADPH to free enzymed K =017 Kass = 20 kgiss = 3.5
Binding of DHF to E-lo complex® Ks = yKy = 0.098 + 0.003
Binding of DHF to free enzyme® Ky = 05 kass = 40 kgiss = 20
Binding of DHF to DHFR-NADPH complex® Kio = 1.0 kass = 40 kgiss = 40
Binding of EGCG to NADPH site upon DHF saturation® K1 = 3.74 £ 0.05 Kpss11 = (2.9 £ 0.02)*107° kgiss11 = 0.0109 =+ 0.0001
Binding of NADPH to DHFR-DHF complex" K, = 0.34 Kass = 5 kgiss = 1.7

“derived from the overall equilibrium dissociation constants obtained by global fit; standard deviation was calculate by error propagation method.

Yobtained by fit of biosensor data using a biexponential model

obtained by fit of biosensor data usmg a monoexponential model??

kinetic parameters reported by Howell®
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Figure 7

Molecular docking of the E. coli DHFR/EGCG complexes at the folate site (A) and at the NADPH site (B), and molecular docking of the human DHFR/EGCG complexes
at the folate site (C) and at the NADPH site (D).

the free form of the enzyme (K; = 97.6 nM) according DHF) and the inhibitor. Using a different approach, our
to the scheme in Figure 8. These kinetic studies® on the kinetic analyses were performed by preincubating the
inhibition of bovine liver DHFR by tea catechins were DHFR from E. coli with EGCG, and the results have
performed adding the enzyme to the reaction mixture shown an incubation-dependent inhibition, confirming
and simultaneously to both substrates (NADPH and the slow-binding inhibition trend for EGCG, as reported

Table Il
H-Bonds Involved in E. coli DHFR/EGCG Complexes
E. coli DHFR/EGCG E. coli DHFR/EGCG EGCG molecular
complex at the folate site Distance complex at the NADPH site Distance structure
Glu"-0---0 (E) 269 A Met'6-0--0 (H) 274 A a“L*
Ala"-N---0 () 330 A Arg*-N--0 () 338 A A Son
Lys*%-NZ---0 (1) 310 A Leu®>-0--0 (F) 290 A A r [
Ser®®-0---0 (G) 283 A Ser®-N---0 (F) 307 A MO P O B
Arg™-NE--0 (A) 353 A Ser*-06--0 (E) 268 A ‘[ | J
Arg®2-NH2---0 (A) 3.12 A Arg®-NH1---0 (D) 299 A L e g,
Arg®-NH1---0 (H) 337 A Glu'-0El---0 (C) 277 A , .
Thr'>-0GI--0 (B) 284 A H oH D,;J\ r,,»-«-\EfH
e . F
‘“\T e
G
oH
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Figure 8

Possible mechanism (proposed by Navarro—Pémng) for the slow-binding
inhibition of bovine liver DHFR without pre-incubation of EGCG with enzyme.
The mechanism described assumes that the origin of the slow-binding inhibition
is the formation of a slowly dissociating complex after the reaction of NADPH
with the enzyme-inhibitor complex. The addition of EGCG to EA complex is
hindered (K* > Kf). E: free DHFR; A: NADPH; B: DHF; P: NADP™;

Q: THE; I: EGCG; Ki* = kyi/kigs K& = kolks.

for DHFR purified from a different source.”>8 The pre-
incubation of the enzyme with EGCG has a profound
effect on the experimental results: in fact, when the
enzyme and inhibitor were pre-incubated for 15 min
prior to addition of the substrates, almost complete inhi-
bition of the enzyme was observed, whereas only a
limited inhibition was measured when the inhibitor was
not pre-incubated with the enzyme.

Using the experimental approach proposed by Nav-
arro-Péran,8 we found evidence that EGCG acts as a
competitive inhibitor with respect to DHF but not to
NADPH.

Differently, preincubating the enzyme with tea catechin,
it was possible to further elucidate the inhibition mecha-
nism exerted by EGCG toward DHFR. Kinetic parameters
for DHEFR from E. coli binding to EGCG were determined
and the results thus obtained showed that the enzyme, in
the presence of tea catechins, may be unable to satisfy cell
needs for reduced folates (see Figs. 4 and 5).

Consistently with this, the biosensor data for EGCG
revealed a behaviour characteristic of a bisubstrate inhibi-
‘[or,45 as recently reported for the inhibition of DHFR
from another source by isoniazide.40 In particular, we
obtained evidence suggesting the role of EGCG as a com-
petitive inhibitor with respect to both substrates. In fact,
upon saturation of DHFR with DHF or NADPH, mono-
phasic curves for the binding of EGCG to DHFR have
been measured, whilst in absence of substrate-saturation,
biphasic curves for binding of EGCG to free DHFR were
observed. This behaviour suggested clearly the presence
of two binding sites for EGCG on DHFR from E. coli
(see Fig. 6). Furthermore, according to biosensor analysis,
the interaction of EGCG with the preformed DHFR-
NADPH complex was characterized by an equilibrium
dissociation constant of K5 = 3.2 nM: this result suggests
that NADPH does not significantly affect EGCG binding
to the folate site of DHFR from E. coli, unlike the data
reported for bovine liver DHFR,8 where the dissociation
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constant for the binding of the inhibitor to the DHFR-
NADPH complex was ~500-fold higher with respect to
the binding of the inhibitor to the free enzyme. Further
evidence confirming the selectivity of antifolate com-
pounds with respect to the different sources of enzyme
(bacterial or mammalian DHFR),47—49 was the differ-
ence in equilibrium dissociation constants for the bind-
ing of tea catechin to DHFR-NADPH complexes, almost
18-fold lower than those reported by Navarro-Péran.8 A
slightly different behavior was reported for the DHFR-
DHF complex: in fact, the equilibrium dissociation con-
stant for the binding of EGCG to the preformed DHFR-
DHF complex was five-fold lower in comparison with
the one obtained upon binding of EGCG to free enzyme
(see Table I).

A model illustrating the mechanism of inhibition of
DHER from E. coli by EGCG is proposed in Figure 2 and
described in the Rationale section. According to this
model and consistent with the biosensor data, EGCG is
able to bind DHFR on both site B (substrate site, form-
ing a complex named E-Iz) and site A (cofactor site,
forming a complex named E-I), prior to the addition of
saturating NADPH. Instead, in absence of pre-incubation
of the enzyme with tea catechin, NADPH competes with
the inhibitor for the same site, and the binding of
NADPH (K; = 0.17 uM) is preferential with respect to
EGCG (Ks = 17 pM). In fact, without a pre-incubation
step, the affinity of NADPH to the free enzyme is 100-
fold higher than EGCG, and there is not a significant
binding of the inhibitor to the enzyme on the cofactor-
site. A possible mechanism that explains the absence of
bisubstrate inhibition of bovine liver DHFR under such
conditions is reported in Figure 8. Instead, if the enzyme
is preincubated with the inhibitor, the DHFR-EGCG
complexes are highly populated, with EGCG binding
both on DHF site (K; = 3.6 uM) and NADPH site (Kg
= 17 uM). The kinetic rate constant for the dissociation
of inhibitor from the NADPH-site of the enzyme was
calculated to be 0.014 s !, therefore the inhibitor is
hardly displaced by NADPH, even possessing this latter
higher affinity for its own site; in fact, the displacing is
kinetically-controlled as also confirmed by the decrease
in k., upon EGCG addition.

Global fit analysis of kinetic raw data (performed with
a two-variables non-linear least-squares data-fitting which
uses the Marquardt-Levemberg and Frazier-Suzuki algo-
rithm,>0 developed under MatLab 7.3) allowed the deter-
mination of the overall parameters, and the derivation of
o, ¥, and & factors, which can be considered an expres-
sion of the DHFR heterotropic effect induced by ligand
binding. These results could be considered as evidence of
the mutual conformational modification of the two bind-
ing sites (see Results on Biosensor studies-Kinetics sec-
tion). In fact, our data proved that the binding of EGCG
at the DHEF site significantly increased the affinity of the
enzyme for a second ligand, either EGCG or NADPH,
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Figure 9

The species fraction of the nine complexes populated at equilibrium as a function of EGCG and DHF concentrations.

with a and 8 < 1; the binding of EGCG at the NADPH  trations. In fact, at increasing [I] the equilibria will be

site had the same significant effect only on the binding
of a second molecule of EGCG and a minor effect on the

binding of DHF (y = 0.2).

The scheme in Figure 2 describes the dependence of
VMax,app and K,E}:prversus EGCG (I) increasing concen-

shifted toward the ternary complex E-I,-Ig, thus populat-
ing the E-Ig, E-Iy Iy and E-Iz-A forms, and consequently
K,E,I;Ilfp > Ko™ or in other words producing an apparent
reduction of the affinity of E for B. Moreover, as long as
the inhibitor is present, some of the enzyme will always be
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in the nonproductive form such as E-I,-B and E-I-A,
even at infinitely high substrates concentrations. Conse-
quently, Viiaxapp < Vmax- Theoretically, at very high in-
hibitor concentration ([I] > 600 pM), all the enzyme
can be driven to the E-I,, E-Ig, E-I5-B and E-Iz-A forms,
as the velocity is driven to zero. The species fraction
of the nine complexes populated at equilibrium (as a
function of the EGCG and DHF concentrations) were
also calculated*! (see Fig. 9). Phenomenologically,
our system behaves as a mixed-type inhibition33 as con-
firmed by analysis of the dependence of the kinetic para-
meters on EGCG concentration [see Fig. 5 and Eqgs. (4)
and (5)].

Docking analysis performed on the EGCG-DHFR com-
plex permitted evaluation of the feasible binding geometry
of EGCG and DHFR from E. coli. Using the DHFR/
NADPH and DHFR/DHF complexes as templates, EGCG
was docked onto this protein and the resulting complexes
were energy minimized. The results account for a pro-
moted binding of the catechin on the NADPH-site of
enzymes in terms of total intermolecular energy, in com-
parison with EGCG-DHFR complex on the DHF-site.
This difference is mainly attributable to the electrostatic
component, which is about 20% higher in the NADPH-
site, in agreement with the lower kinetic dissociation rate
for EGCG binding to the NADPH-site (see Table I). As a
comparison, docking analysis of human DHFR-EGCG
complex was performed. The complexes were character-
ized by higher stability for EGCG binding to the folate
site, and reduced stability for the binding at the NADPH
site: this difference could be interpreted as further evi-
dence of a purely competitive inhibition, as reported for
EGCG binding for another source of DHFR.8

It can be concluded that EGCG exhibits characteristics
of a slow binding inhibition against DHFR from E. coli,
where the enzyme-inhibitor complex is slowly formed
(association kinetic rates for the EGCG binding to
enzyme are 1000-folds lower than corresponding associa-
tion rates for substrate and cofactor, respectively), and
then undergoes slow dissociation of the inhibitor (kg4
= 0.082 s~ ' on the DHF-site, kgiss = 0.014 s~ ! on the
NADPH-site). Under such conditions, only if DHFR-
EGCG complex is added to DHF and saturating NADPH
we can observe the binding of inhibitor on the NADPH-
site. The crucial step of the kinetic data of the inhibition
was the pre-formation of a slowly dissociating complex
upon the reaction of EGCG with the enzyme.

In conclusion, in addition to the potential physiologi-
cal and pathological role exerted by EGCG, the data
reported in this study show that DHFRs from bacterial
or mammalian sources are all inhibited by EGCG,
although through different pathways and mechanisms,
the latter fully clarified only by combining different ex-
perimental approaches. Collectively, the results presented
here confirm the role of tea catechins as possible precur-
sors of potent chemopreventive agents.&19
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